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Big Picture

=> We want to understand the next layer of
matter at the LHC - Dark Matter

=> DM content determination mostly

depend on colorless particles,
e.g., sleptons, staus, charginos, neutralinos, etc. and also depend on

small mass gaps (AM) between lightest (LSP) and next to
lightest particles (NLSP)

= How do we produce these non-colored particles and the DM
particle at the LHC? Can we understand the origin of DM?



Dark Matter: Thermal

Production of thermal non-relativisgic DM:

DM +DM < f+ f

Non-relativistic
Freeze-Out: Hubble expansion

1

Dark Matter content: (), ~—

(ov)

freezeout=>» T e mz%M
3
_re CM
> <GV>=3X1O g
S 2
a

Assuming : <GV>f ~Zz  ,~0(10%) withm ~ O(100) GeV

2

Dcnst\ -
(=]
= om | = D
o o (=] o o
2 2 ele g
e & ald

dominates over the interaction rate

-8
-10
~11

12

Comoving Numb

__HA_P_
S22 35355 ¢%

Increasing <o,v> 4

m, leads to the correct relic abundance




Dark Matter: Thermal

Suitable DM Candidate:
Weakly Interacting Massive Particle (WIMP)

Typical in Physics beyond the SM (LSP, LKP, ...)

smaller annihilation

Most Common: Neutralino (SUSY Models) . oss-section
>
Neutralino: Mixture of Win/o, Higgsino and Bino
/

Larger annihilation
cross-section, smaller mass gaps

Wino, Higgsino=» smaller AM is inevitable between NLSP & LSP
Bino=» May require smaller AM between NLSP &LSP for thermal DV

Can we establish these features at the LHC?
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Dark Matter: Non-Thermal

<0,V >: different from thermal average, (O, ~—— isnot26%
Non-thermal DM can be a solution (ov)
Inflation
DM from the decay of heavy scalar l
field, e.g., Moduli decay radiation
[Moduli : heavy scalar fields gravitationally coupled to matter] dom"iatlon
Decay of moduli/heavy field occurs at: oduli
3/2 domination
T 1/2 Mty 5MeV Decay of moduli ——
, (SMeV)
100TeV radiation
T.~MeV : Not allowed by BBN domination

For T,<T;: Non-thermal dark matter

Abundance of decay products !¢ =

4 m p
DM content: also need to consider the DM annihilation.



Dark Matter: Non-thermal

»For T, <T,, larger annihilation cross-section (¢ ,,, v), = (¢, v)"
is needed for QO — 269%

»For T<<T,, Yield s = 43% is small enough (10-1%)
DM will be produced without any need of annihilation
[Note: For my,,~10 GeV, Y, is needed to be ~10-1" to satisfy the DM
content]

Outcome:

» Large (Wino/Higgsino) and small annihilation (Bino)
cross-section from models are okay
> We may not need any annihilation

Since ¢ —> DM + other particles, abundance (for T,<<T;): 101
» The Baryon and the DM abundance are correlated ~ 1019

Barrow, ‘82; Kamionkowski ,Turner, ‘90; Gelmini, Gondolo, Soldatenko, Yaguna, ‘07
Allahverdi, Dutta, Sinha,’09,’10,’11,’12,’13; Acharya,Kane, Kumar,Watson, ‘09,10 6



Thermal, Non-thermal

» LHC: Measurement of DM annihilation cross-section,
smaller AM is crucial
<0, V> :Large = multicomponent/non-thermal;
Small=®» Non-thermal

»DM annihilation from galaxy, extragalactic sources:
Annihilation into photons: Fermi, H.E.S.S.
Annihilation into neutrinos: IceCube

Annihilation into electron-positrons: AMS

Small DM effects in the annihilation cross-section
are absent in the data from the present epoch !



=» Recent Higgs search results from Atlas and CMS indicate
that m, ~126 GeV

* in the tight MSSM window <135 GeV

< M5 (1stgen.) ~mz2 1.7 TeV >

> For heavy Mz, Mz > 1.3 TeV
> Z produced from g, m- 2700 GeV
= [, produced directly, m;l“ 2 660 GeV (special case)

> e/ excluded between 110 and 280 GeV for a mass-less ;?“10

a mass difference >100 GeV, small AM is associated with small
missing energy
-> )(1 masses between 100 and 600 GeV are excluded
for mass-less )(1 for Z1 or for the mass difference >40 GeV
decaying into e/u

or for




LHC Constraints and DM

LHC constraints on first generation squark mass + Higgs mass:

Natural SUSY and dark matter [Baer, Barger, Huang, Mickelson,
Mustafayev and Tata’12; Gogoladze, Nasir, Shafi’12, Hall, Pinner, Ruderman,’11;
Papucchi, Ruderman, Weiler’ll],

Higgs mass 125 GeV & Cosmological gravitino solution
[Allahverdi, Dutta, Sinha’lZ]

=> Higgsino dark matter

Higgsino dark matter has larger annihilation cross-section
Typically > 3 x 10-26cm?/sec for sub-TeV mass

=» Thermal underproduction of sub-TeV Higgsino

Higgsino DM has small AM
= Can we establish this scenario at the LHC?



Small mass gaps between LSP and NLSP=»
coannihilation=>increase the annihilation cross-section

Co-annihilation (CA) Process
7. Griest, Seckel ’91
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Small AM via cascade

(or I'l, t+1-) _ _
h (or Z) q High Py jet

[mass difference is large]

The p; of jets and leptons
depend on the sparticle
masses which are given by
models

DEN LA 68.3%

Colored particles are
produced and they
decay finally into the
weakly interacting stable
particle 7, DM  R-parity conserving

High P jet ¢ h (or Z) (or I'F, t+1-)
The signal :
jets + leptons+ t's +W’s+Z’s+H’s + missing E;
1



Small AM via cascade

SUSY Masses

Typical decay chain and final states at the LHC

Jets + T’s+ missing energy

Low energy taus
characterize the
small mass gap

However, one needs to
measure the model
parameters to predict the
dark matter content in this
scenario

1 y4

=5~15 GeV

M. -M_,

~0 100%.%
(CDM) T
2 jets+2 7’s AM
+missing
energy



Small AM via cascade

E,™iss + 2j + 27 Analysis Path

Cuts to reduce the SM backgrounds (W+jets, ...)
g .
U E,"* > 180 GeV, N(jet)>2with E, > 100 GeV
17 'S E s+ E 1+ E 2 > 600 GeV; N(1) > 2 with P, > 40,20 GeV
L
8 L ‘“ \ CATEGOI:ZE opposite sign (OS) and like sign (LS);itau events
. A/‘ -~
m .'. g" / M' OSzr LS 77
w N q & ﬁ M_, histogram M, histogram
« <. jr
L[] o »
S a ) )
E s I % \‘ LPMI—D OS—LS mass 1—' LS mass | ! I
| 4 |
o. I T
m "~/ 0 pT‘[> 40 u I 800 — MT+ B} ]
D XZ o S Gev 700 M. _
m .'~5% | T I > 600 — "2t subtracted |
~() 1.. AR ¥ 400~ |
Xl — ;) G | T S 00| _
o
(CDM) 2 7 L& Py 200~ -
G J 4 100 —
NG 0 Cr———
0 150 200 250 300
P PU ;——————\——"—f ———————————— 1| M, (GeV)
— — vis .
- &,=50%, frae = 1% for p's>20 GeV | Arnowitt, Dutta, Gurrola, Kamon,

Krislock and Toback’PRL, 08 13



Small AM via cascade and DM

v'Solved by inverting the following functions:

M})::k = X1(m1/29m0) r m, = 2105
le-)reak = X,(m,,,,m,,tan B, A,) m m,, = 350t4
Mffefak = X,(m,,,,m,) A = 0x16
MPP = X, (m,,,,m,,tan B, A,) \ tanf = 40*1

~)

o1 ; ELQ)?{,h2 =Z(my,m,,, tan B, A,):
= r0.11§— P - T
Fot N S
0.090 ST

008_ lllll _ b) 2 -1
8§ 9 10 11 12 13 &i{)h /Qzloh =6.2% (30fb )
A AN (GoV) = 4.1% (70fb™")
—
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Small AM via VBF

Challenge:

How can we probe the colorless SUSY sector if
the first two generations are heavy?

We will use VBF topology: Tagging VBF jets

forward tagging jets
N
g N

o Al s
2

"o ;
T decay products

B

Refs (For example):
A. Datta, P. Konar, and B. Mukhopadhyaya, PRL 88 (2002) 181802.
G. Giudice, T. Han, K. Wang, and L.T. Wang, PRD 87 (2013) 035029
Dutta, Gurrola, Kamon, John, Sinha, Shledon; Phys.Rev. D87 (2013) 035029
A.G. Delannoy, B. Dutta, A. Gurrola, W. Johns, T. Kamon, E. Luiggi, A. Melo,

P. Sheldon, K. Sinha, K. Wang, S. Wu, PRL 111 (2013) 061801
15



VBF For small AM

VBF tagged jets (2 energetic jets with VBF production topology
large An separation: large M(jj)) in in transverse plane
forward region, opposite hemispheres)

16



Compressed SUSY Via VBF

* Direct probes of charginos, neutralinos and sleptons:
Do not have strong limits from the LHC (depends on Dm

 The weak Bosons from protons can produce them

We need special search strategies DM
3, 5 W
‘% D Z+ %)__--__‘ -
P + P 9 l‘NO b /:{"’i
X
N T _’“‘”F rl‘j D S
oW k s W

Two high E; forward jets in opposite hemispheres with large dijet invariant mass
17



Compressed SUSY Via VBF

~ A ~1T .. o ~+ ~ + .. NON

pp_))ﬁ A ]]9)(1 A ]]a%l )(2 ]]9%2)(2 Vi

m .,m ,>m;.>m ,

For: X1 X2 X1

Signal: =2+ 27+ missing energy, =2 j+2u+ missing energy

= Small mass (Am) difference between chargino and neutralino

Dutta, Gurrola, Kamon, John, Sinha, Shledon; Phys.Rev. D87 (2013) 035029
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Charginos, Neutralinos via VBF
2 jets with p(j) > 350 GeV; pr(J;)>75 GeV

\An\ >4.2; 1N, <0
M(ji,Jj,)>650GeV;MET > 75 GeV

2 Benchmark Scenarios

=0 180 GeV 701 180 GeV
XZ e XZ 80 Ge
* T a u
1T a0Gev 30GeV A1 T gogev  *  30GeV
T K

19



VBF Kinematics

a.u.

a.u.
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s
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1 —pp—oVijets -
—pp—VVijj .

10" E

10

10

10

M) ~M(%3)=180 GeV
M%) =90GeV
M3 )- M#;)=30GeV

Signal Characteristics:

Large MET, large M;;, large py jets

Phys. Rev. D 87, 035029 (2013)
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Signal: > 2j+2t+missing energy

2 jets each with p>50 GeV, leading p>75 GeV
|Ar|(j1=j2)|>4-2! nj1nj2<0a Mj1j2>650 GeV

Signal: > 2/ +27+ missing energy
M. ~ M, = 180 GeV,
2

Xi

Siepnal  Z4jets WHjets WW WX

VBF cuts 4.61 10.9  3.70x 10° 97.0 19.0
\/E =& TeV Fr > 75,bveto 4.33 027 5.20x10° 176 3.45
27, inclusive  0.45 0.06 0.23 0.02 0.04
. » (S/+/S + B) 2.4
Lum: 25 fb i 0.21 0 0.11 0.02  0.01
(§//5 + B) 1.8
=T 0.24 0.06 0.12 0.07 0.03
(5//5F B) 1.7

Two t's with p; >20 GeV in n < 2.1, with AR(tt) > 0:3. All 1's are hadronic
The 1 ID efficiency is assumed to be 55% and the jet>t Mis-
identification rate is taken to be 1%,

21



Signal: > 2j+2t+missing energy

=
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;IIIIlIIII IIII|IIII|IIII|IIII|I§
- Vs=8TeV,L =25fb" 3
1026 Wor-xzii-ctii 3
- | |[pp—>V+jets ]
O Wep—VVi] E
e 246 3
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1072

0 500 1000 1500 2000 2500 3000
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Signal: > 2j+2u+missing energy

2 jets each with p>50 GeV, leading p>75 GeV
|An(j1,)2)[>4-2, njm;2<0, M;;;,>650 GeV

Signal: > 2+ 21+ missing energy mﬁ ~ mfzo =180 GeV,

Signal  Z4jets Wjets WW WZ

VEBF cuts 4.61 10.9  3.70x 10° 97.0 19.0

Fr>7 433 027 520x10° 176 345
2 i, inclusive 1.83  0.15 0 0.12 0.19 \/; =& TeV
(5/+/S + B) 6.0
T 0.87 0 0 0.03  0.05 . -1
5/ /5TE) i Lum: 25 fb
prut 096  0.15 0 0.08 0.14
(S/+/9+ B) 4.1

Two isolated p 's with p; >20 GeV inn < 2.1

For 3¢ : Mo~ Moy = 330 GeV

23



> 2J+2u+missing energy

E §IIII T 11 IIII|IIII|IIII|IIII|I§

_ _ _ -1 —
M E f‘-amuLm-zsm ]
S0 Wor—azii—nnjj |
-a - Dppa\fﬂets 3
& 10L Hpp—VVij _
> VE 5
HoE 6o -

10"

1072

0 500 1000 1500 2000 2500 3000
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Compressed Sleptons Via VBF

Small mass gap measurements using VBF topology=>»
Various Coannihilation regions:

~~ ~0 ~ ~0 ~+ ~0 0 ~0 7 ~0 1 ~0
Ho€ = 20,T =X X0 X2 = Xist = XD = 7

pp —> ﬁlajj Signal: 2j+2u+ missing energy,

pp —> ‘7,;1]] Signal: 2j+1u+ missing energy,
Am = My =M = 15GeV

25



Compressed Sleptons Via VBF

cuts » mul135_chi120

loose MG cuts ' 0.4910
Iso cuts&Mjj Mmumu >=0. | 0.4210
veto b jets ! 0.4801
# of Jets>=1 with pt>=30 0.4607
# of Jets>=2 with pt>=30 | 0.3428
#of Jets =2 [ 0.2653
etaj0*etajl <=0. ; 0.2473
# of Muons >= 2 | 0.0761
# of Muons = 2 | 0.0761
OS di-muon : 0.0761
N(electron)=0 j 0.0761
N(tau) =0 . 0.0746
veto Mmumu 81~101 | 0.0679
central muon selection 0.0514
letaj| >=1.7 . 0.0257
Ijr==CQu, | 0.0247
central jet veto . 0.0247
DeltaPhijj < 1.0 | 0.0096
MissingET >= 200. ; 0.0039

HT >= 200. ;
. 0.0039

ptmu1+ptmu2<70 ;
: 0.0024

ptmutl >5 & ptmu2>5 |
. 0.0024

ptmu1 > 10 & ptmu2 >5

ptmut >10 & ptmu2 >10 0.0024
l 0.0021

LHC 14 TeV data): Signal:

thar+(0-3) | wii
ol 1341.0000

o 1341.0000
1583 28 1231.1200
1437 39 1224.5800
049 43 1170.4700
520 66 207.5180 X
18512 157.5180
96,25 7.2801 T
95.87
95.70
94.56
80.00
69.03
28.89
3.66
2.01
2.01
0.49

ical Backgrounds

0.01
0.01
0.00

Combining

YN o o NN o o

HEJ s HV]]

/

2 j+ 2 1u + missing energy,

3 o reach is 150 GeV for 3000 fb!
Dutta, Ghosh, Gurrola, Kamon, Sinha, Wang, Wu; to appear



Stop at the LHC

Utilize Stop decay modes to search charginos, sleptons, neutralinos

Ex. 1%, is mostly bino and ¥, is wino Ex. 3 y, is mostly Bino-Higgsino
Correct relic density
ho— t+ 1 For lighter sleptons
Stop can identified via fully hadronic or A NI B LN SIS
1 lepton plus multijet final states foo bt It v+ 20

[Bai, Cheng, Gallichio, Gu, JHEP 1207 (2012) 110 R 52?
;Han, Katz, Krohn, Reece, JHEP 1208 (2012)
083;Plehn, Spannowsky, Takeuchi, JHEP 1208

(2012) 091;Kaplan, Rehermann, Stolarski, JHEP 2 jets+ 2 leptons (OSSF-OSDF)
1207 (2012) 119; Dutta, Kamon, Kolev, Sinha, Wang, +missing energy
Phys.Rev. D86 (2012) 075004 ]

0 . .
Ex.2 Y, , are mostly Higgsino Dutta, Kamon, Kolev,Wang, Wu,
Phys. Rev. D 87, 095007 (2013)
Topness variable to identify stops

Grasser, Shelton, Phys.Rev.Lett. 111 (2013) 121802

> Existence and type of DM particle, hard to calculate the DM content

27



LSP mass [GeV]
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Compressed Stop Via VBF

T-Tproduction, t— ti?

|1III|IIII|IIII|IIII|IIII|IIII|IIII

JIIII'.I.‘l.lllIIII|IIIII

= SUS-13-011 1-lep (leptonic stop)19.5 fb ™!

-y
- ’
-

_|!||lIII-ILII||||||||||||]||IE|II!I_
- CMS Preliminary .
:—\‘:S =8 TeV —— Observed ]
- SUSY 2013 --- Expected

= SUS-13-004 0-lep+1-lep (Razor) 19.3 fb™

|]||1;E|

IIII|!III|I!II|IIII|IIII|IIII|IIII|IIII|IIIIJ

{
200

= FITTT

O e

o Yo
A3

300 400

500 600

700

800

stop mass [GeV]

300

200

CMS Preliminary

({1 | 1 l,.,l.,‘J I I0| 1 I UL l LU | LI ] ! ) P | I LI (700’ 520)
[ ppoott?, oty — g TeV, 20 b5 7
[ 1-lepton channel g T 14 TeV, 300 ftg'fconservative)
- SUS-13-011 BDT analysis ==== 14%e fi' (optimistic) -
— Expected 5¢ discovery reach W -
B : 3 '-" K i - ]
C //6\ a&\ 3 4 \\ ]
- Tl / A
i '{,N'M '&j’ T v
B &:’ d 6%"‘ /7 ’ \‘ :
— I‘ —
- ,l' ‘.""-..o || 7
i r"‘ k) -
L 0 o 1 1 4
— i ‘.l 1 =
X Z s -
E ‘ -
_ 4 (400, 220) : |
:;o k :| I &
4 /’,"'Ié./ :'. : i
i/.fll‘ll/l.¢= 1 I 11 1 | l f -} I 11 | | | 11 | :I | L 111 | | I! | l—‘
200 300 400 500 600 700 800 900 1000
m: [GeV]

Small AM have cosmological consequences
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Compressed Stop Via VBF

Signal: 2j+2b + 11|+ missing energy

m,—m _, =180 ,165 GelV

X1

_-1 Compressed Region: AM

~

- AM <m,: T —>b+W+7,
AM >m, :t —>t+y,

-0
4|

29



Compressed Stop Via VBF

2 leading jets (j1,j2) : Pt (i1,i2) >(75,50) GeV ,
|An(j4, J2)| > 3.5 and nymj, < 0, My, > 500 GeV; MET is optimized
One isolated lepton (p; > 20), two loose b jets (p; > 30 ) : n<2.5

AM >m, :t >t+y, AM <m,:t > b+W + y,
TABLE I: Compressed scenario: Summary of the effective TABLE II: Summary of the effective cross-sections {fb) for
cross-sections (fb) for different benchmark signal points as different benchmark signal points as well as the ¢ background
well as the # background at LHC14. Masses and momenta, at LHC14. Masses and momenta are in GeV.
are in GeV.

(mg,mfcg) Selection Signal tt+jets

(mg,mfc?) Selection Signal ti+jets

VBEF  465.6 38787.8
(250, 85) 1 lepton 93.5 8107.9

VBF 957 16774 AM = 165 GeV 2 b-jets 253 3006
(300, 120) 1 lepton 22.1 3587 Fr> 100 129 6825
2 bjets  9.70 1612
Pr>50 8.00 0924 VBF  217.9 38387.8
(300,135)  1lepton 42.8 8107.9
VBF 959 16774 AM =165 GeV 2 b-jets 115 3006
(400,220) 1lepton 5.93 3587 Be 100 BT 682E
2bjets 284 1612 VBF 506 38387.8
Pr>100 148 337 (400,235)  1lepton 10.3 8107.9
AM = 165 GeV 2 b-jets 2.76 3096
VBF 750 16774 Pr>200 1.92 6825
(500, 320) 1 lepton 1.69 3587
9 bjets  0.74 1612 VBF 1042 383878
Pr > 150 027 123 (300, 150) 1lepton 39.9 8107.9

AM = 150 GeV 2 b-jets  8.09 3096
Fr > 100 500 6825

30



Compressed Stop Via VBF

AM >m, :t —>t+y,

T LA R B B B | T T T T T ] T T T T [ T T TT
 AM= 183 GeV " ppotit+jets
14 TeV LHC
1 .
- 3000 fb’ -
N ——- 1000
o N S 0 e 300 fbr
Dl o, ~ |
"’.., -
o, ~
., ~N
- \\ -
...'h'~ \
. " \
1|_| T IR A |'|~‘ﬁ-| Coeoo™S Sy T
300 350 400 450 500 550
m. (GeV)

L] oy NO
AM <m,:t > b+W + y,
= 5 & 5 T 5 & 5 0
. AM =m-m,, =165 GeV pp— L+ jets
-
\\\ 3000 fb
10 ~o — {000 57"
e, e . mmumee 3001
’-,," \“ o :
e \\\ .
L TRy S
ttttt ., \\
. \\
1= I P gy g R
250 300 350 400
ev)

The significance reduces to 3c with 3% sys . for 200 GeV stop

Dutta, Flanagan, Gurrola, Kamon, Sheldon,Sinha, Wang, Wu; 1312.1348
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Compressed Sbottom

Shottom pairproduction,&%bi?
600\\\\‘I\\\‘\\\\|\\

E -~ ATLAS Z5 Observed limit (10} 1)
o - EE | .. Expected limit (+t106,,,)
£7500 —j Ldt=20.1b" Vs=8 Tev ’
B coF 265
All limits at 95% CL ’:I DO 5.2

—— ATLAS 2,056, {s=7 TeV

200

100

\

] E

y Lk

L 1E

\ LU

y \\

ik
\\\‘\\\\l\\l\‘l\\l‘ﬁ.Ell\\l\

0
100 200 300 400 500 600 700 800
me [GeV]

We probe this region
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Compressed Sbottom Via VBF

Signal: 2j+1 b + missing energy

b Compressed Region: AM = my —m ., = 5GeV

X1

Dutta, Gurrola, Kamon, Sinha, Wang, S. Wu, Z. Wu; to appear

Signal: 2 j+ 1 b + missing energy:

(Delphes,140 pileup): 300 GeV with 36 (5% syst.@3000fb-")
[similar reach for 300 fb-! with 0 pileup]

Signal: 2 j + missing energy:
(Delphes,140 pileup): 300 GeV with 30 (5% syst.@3000fb-")
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Compressed Sbottom Via VBF

Significance vs mass with systematics (Preliminary)

VBF + MET + B @ OPU
Background: 655 with 300/fb

Mass XS(pb) Eff. S/B -\/;I——B 5% Sys. | 10% Sys.
15 704.190002 | 0.62 | 2015.71 | 1148.75 | 1148.29 | 1146.89
50 74.722855 | 0.57 | 196.78 358.10 356.63 352.32
100 11.100344 | 0.29 15.00 95.96 91.40 80.83
150 2.699331 0.54 6.68 61.67 55.99 45.30
200 0.905649 0.22 0.91 16.89 12.39 8.03
300 0.158608 0.27 0.20 4.67 3.04 1.84
400 0.040765 0.32 0.06 1.51 0.95 0.56
500 0.012975 0.21 0.01 0.32 0.20 0.12
600 0.004798 0.21 0.00 0.12 0.07 0.04
700 0.001958 0.26 0.00 0.06 0.04 0.02

1000 0.000194 0.20 0.00 0.00 0.00 0.00

o Hr-Frasymmetry cut: |Hr — E1|/(Ht + 1) < 0.2 for 0 pileup, 0.5

for 140 pileup interactions

o protect against occasional loss of high pr jets due to pileup subtraction

o VBF selection: (Using non b-tag jets for VBF jets and central jet

veto

)

o Hir > 50GeV

o pith? > 50GeV

o |njet1,2[ <5
o |,r]jet1 _ njeth > 4.2
° ,r]jccl ',r]jctz <0
> 50GeV (200GeV when studying 140 pileup scenarios)
> 50GeV (100GeV when studying 140 pileup scenarios)

jetl
Pt
jet2

PT

ij > 1500GeV
Veto a third jet with pr.
Veto a lepton (electron, muon, and tau)
Hr > 200GeV
Exactly one a b-tagged jet

PT of this b-tagged jet < 80GeV

jet3

> 30GeV lying between leading two jets

VBF + MET
Total BK: 34165 with 300/fb

Mass(GeV) | XS(pb) | Eff. | S/B | 2= [ 5% Sys. [ 10% Sys.
15 [ 704190002 | 0.04 | 2.47 24530 | 4849 | 24.61
50 74720855 | 427 | 28.04 | 961.82 | 48450 | 269.22
100 | 11100344 | 850 | 8.29 | 502.60 | 157.44 | 8178
150 2699331 |12.99 | 3.08 | 28176 | 60.15 | 30.60
200 0.905649 | 14.46 | 1.15 | 144.96 | 2271 | 11.46
300 0158608 | 19.92 | 0.8 | 4537 | 551 | 277
400 0.040765 |22.86 | 0.08 | 1454 | 163 | 0.82
500 0.012075 |24.24| 003 | 503 | 055 | 028
600 0.004798 | 25.11| 001 | 1.95 | 021 | 0.1
700 0.001958 | 26.61 | 0.00 | 084 | 009 | 0.05
1000 | 0.000194 |27.72| 0.00 | 0.09 | 001 | 0.0

 fir-fr asymmetry cut: |Hr — Er|/(Hr + Er) < 0.2 for O pileup, 0.5

e o o o

for 140 pileup interactions

o protect against occasional loss of high pr jets due to pileup subtraction
VBF selection:
o Hr > 50GeV

jet1,2

° Pt

> 50GeV

y ‘,”jcll.2| < 5

= ‘n]'(-.fl _ U]PT.Z[ > 4.2
7,]jetl -+ ,’]ier.‘_’ < 0

p%‘“ > 50GeV (200GeV when studying 140 pileup scenarios)
rftz > 50GeV (100GeV when studying 140 pileup scenarios)

ij > 1500GeV )

Veto a third jet with p]rf‘” > 30GeV lying between leading two jets

Veto a b-tagged jet
Veto a lepton (electron, muon, and tau)
M7 > 200GeV
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Compressed Sbottom Via VBF

Significance vs mass with systematics with pile-up

VBF + MET ©@ 140PU

Total BK: 160123
Mass(GeV) | XS(pb) | Eff. | S/B | —2 [ 5% Sys. | 10% Sys.
15 | 704190002 | 0.10 [ 13.46 | 1416.24 | 264.41 | 133.97
50 74722855 | 0.62 | 8.74 | 1120.32 | 172.63 | 87.09
100 | 11100344 | 1.46 | 3.04 | 60528 | 6051 | 30.37
150 2.609331 |2.54 | 1.28 | 330.88 | 25.60 | 12.83
200 0.905649 | 2.80 | 0.48 | 15653 | 9.48 | 475
300 0.158608 | 4.50 | 0.13 | 50.28 | 2.67 | 1.34
400 0.040765 |5.35| 004 | 1603 | 0.82 | 041
500 0.012975 |5.80 | 0.01 | 560 | 028 | 0.14
600 0.004798 | 6.23 | 001 | 224 | 011 | 0.06
700 0.001958 | 6.59 | 0.00 | 0.97 | 0.05 | 0.02

1000 0.000194 |6.99 | 0.00 | 0.10 0.01 0.00

35



Compressed Higgsino Via VBF

Lightest neutralino: Higgsino

7., x5, 7, ¢ similar mass

We consider 10 GeV mass difference with final state

2 j+ Met + 1 lepton

2 leading jets (j;.j;) : Pr (i1,J2) >(75,50) GeV
|An(j4, J2)| > 3.5 and nynj,; < 0, M;,;, > 500 GeV; MET is optimized
One isolated lepton (p; > 20), two loose b jets (py > 30 ) : n<2.5
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Compressed DM Via VBF

pp = 1%

T T 2 3 —— 100% Wino (inclusive) | PP— li X %o |AT | > 4.2
. - o10°F E 1 Rq ]
T e E --- 100% Higgsino (inclusive) E
el 102 e 20% Bino, 80% Higgsino |

==+ 80% Bino, 20% Higgsino -

(j ’ i —.-= 40% Bino, 60% Higgsino [
? Z /h/ 7/ 10¢ ...~ 60% Bino, 40% Higgsino [
t %

10° .
S\J e, 10 o EYs=14Tev
rZ/h/ Z] 107k s vl iatavats i T cv9alm vl iovlivelivalivalg
(x }/ 200 400’0600 800 1000 200 400»0 600 800 1000
D mGE) [GeV] mG) [GeV]
T T

lforward tagging jets =

7
O
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a.u.

Compressed DM Via VBF

10™
102 E
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10"
10°

pp— K, +jj, 14 TeV

1L |II|IIII| [T
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o

32| alamiiten

30004000
m(, J,) [GeV]

—000 2000



Compressed DM Via VBF

Preselection: missing E > 50 GeV, 2 leading jets (j;.),) :Pr (1)sP1(i,) >30
GeV, |An(j;, j,)| > 4.2 and nym;, <0.

Optimization: Tagged jets : pp > 50 GeV, M;;;, > 1500 GeV;

Events with leptons(1 = e; p ; 7,) and b-quark jets: rejected.

Missing E . : optimized for different value of the LSP mass.

108 T o L 99% Wino, 1000 fo, 14 TeV
500 b, 14 TeV W jets ] e 99% Wino, 500 fo', 14 TeV |
10° pp —> By + j Z(vv) +jets E 8[... ——— 99% Wino, 100 fo, 14 TeV ]
4 ———- 99% Wino, m(;z:’)=50 GeV 3 m - .
@ 10 = 99% Wino, m(z’) = 100Gev 1 | T 6 -
& 100 i L2 o 1
T B ~ a4k e T 7
10 e - S U) o ........... N
10 g T 2  _
EN00 200 300 400 B0060C Ol
200 400 600 800 1000
~0
£y [GeV] m(x.) [GeV]

Jet energy scale uncertainty ~20% change the significance by 4%

Delannoy, Dutta, Kamon, Sinha, Wang, Wu et al; Phys.Rev.Lett. 111 (2013) 061801
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Compressed DM Via VBF

Q / Qbenchmark

1.6
1.4
1.2

0.8
0.6
0.4

Simultaneous fit of the observed rate,
shape of missing energy distribution:

500 fb! 14 Tey e 99% Higgsino, Qpngmarch“=0.0144
1o contour === 99% Wino, Q. .h’=0.000267

ﬁ“""""r

l '\\ ""'-,

\ \\ on!,.‘_“
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N hoN
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Models with Double Charged

HiggsVia VBF
L, = ihﬁlwlinzALl//jL +cc

A :<53/\/§ g 3
. 8 —0T/V2)

At the LHC:

PP —>68"8jj,PP—>676"jj

. ~ 1.BR(6, > 1r)=100%
WOSCEnarlos ) LR (5, — 1) = 50%. BR(S, — ee) = 50%
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Double Charged Higgs Via VBF
1.BR(6, = 1) =100%

(744, 75+)
[GeV]

Selection
Cuts

Signal
[fb]

773
[£b]

WZii
[fb]

(210, 170)

Basic cuts

VBF cuts

2.222 4 0.009
0.4855 4= 0.0040

5859+ 1.4
39.958 £+ 0.36

3513+ 8
2 R e

e=50%, f = 1%

= 3 Ta's
Tr P cuts

Fr cut

0.0196 £ 0.0008
0.0147 4= 0.0007
0.0120 £ 0.00086

0.0038 £+ 0.0007
0.0016 == 0.0005
0.0011 £ 0.0004

0.0138 + 0.0028
0.0070 = 0.0021
0.0045 = 0.0016

e = T09%, f=2%

= 3 'S
Th pT cuts

Fr cut

0.0487 £ 0.0013
0.0356 £+ 0.0006
0.0292 4= 0.0010

0.0068 £ 0.0009
0.0032 £ 0.0007
0.0020 == 0.0005

0.0364 + 0.0051
0.0168 £ 0.0034
0.0112 &= 0.0027

2 leading jets (jy,j) : Pr (i1si) >(50,50) GeV

|An(j4, j2)| > 4 and njm;; <0,

M,,;, > 500 GeV; MET>50 GeV

At least 3 t;,, with p> 50, 50,30 GeV

s 30001D7 ol PR = SLYTOLT ] + L EELT]]
w300 e=70%.f=2% — pp = WZji
O g e = 210 GoV "
O o5 — pp— ZZj)
(SN
T
gzt [
g After all cut
g
o . F
0 10
E
= —
0 e . - = RO S .
0 100 200 300 400

MT: T:(\flS) [Gev]

S

L

o
+
8]

7.0

)
.

. o == 1000 L.

e g T g e

2.0

1:5

Lol € 0%, f=2%

200

250 300 350 500

m, ++[GeV]

400 450

Dutta, Eusebi, Ghosh, Gao, Kamon, 1404.0685

42



Double charged HiggsVia VBF

2.BR(6, > puu)=50%, BR(0, > ee)=50%

TABLE I. Summary of the signal and the background cross-sections and corresponding statistical errors at our chosen benchmark

(G Selection Signal Z73] WZij
I
[GeV] Chuts [fb] [fb] [fb]
Basic cuts 0.1540 + 0.0011 5&5.9+4+ 1.4 35138
VBEF 0.0403 -+ 0.0005 30.98 4 0.36 211.84+ 2.1
i = eptons ¥ . B . 3 A
460, 420 31 0.0317 = 0.0005|0.2131 4= 0.0028 | 1.702 + 0.033
lepton pr cuts 0.0301 -+ 0.0005 | 0.0126 &+ 0.0007|0.1015 4 0.00520
Z-veto 0.0291 -+ 0.0005 | 0.0005 4= 0.0001 |0.0057 4 0.0019
5_'L_+ mass window | 0.0285 4 0.0005|0.0001 4= 0.0001 |0.0002 4= 0.0002

point, after each kinematical cut in the light lepton decay scenario. The LHC energy is 14 TeV.

2 leading jets (j1,j2) © Pt (j1,)2) >(50,50) GeV

|An (4, j2)| > 4 and nym;, < 0, 1:2 - ngg ?;1
M;,;, > 500 GeV; MET>50 GeV e N . T

3 leptons with p> 120, 100, 50, 30

At least
z

0
., [ 30007 S pogEmmcase e
8 mafé — 460 Ge\/ "“-..,_
o~ 15 20 l"“-.._“
s 15
[¥a]
= i
> 10 ! 10 ~_]
ﬁ i After a" cuts 400 500 600 700 800 900 1000
o]
: ) m, ++[GeV]
S 5 i
e do
= I
O o
300 350 400 450 500 550 £00
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» Measuring small mass gaps at the LHC is very important

»Small mass gaps between LSP and NLSP have
cosmological consequences

»Small mass gaps can be measured from cascade
decays of squarks, gluinos

»For heavier colored particles, VBF topology is very
helpful in establishing signals with small mass gaps
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CMS Preliminary \s=8TeV, Lint =19.5fb"
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